This article aims to review the published literature pertaining to the use of anterior segment optical coherence tomography (AS-OCT) in the evaluation of angle-closure disease. Searches on the available published literature were last conducted on 15 June 2017. Rated as Level I evidence, we found that AS-OCT has shown good sensitivity and moderate diagnostic accuracy to detect narrow angles when compared with gonioscopy. AS-OCT quantitative and qualitative parameters demonstrated strong association with the presence of gonioscopically closed angles. This technology provides an objective non-contact method of assessing the angle that is well tolerated by the patient and correlates well with the information provided by gonioscopy.
INTRODUCTION
Glaucoma is a leading cause of irreversible blindness. 1 This optic neuropathy has only one treatable and independent risk factor, the elevated intraocular pressure (IOP). The mechanism of glaucoma relies on the anatomical and structural status of the drainage system, or anterior chamber angle, dividing the pathology into two major subtypes: primary openangle and angle-closure glaucoma. Primary angleclosure glaucoma (PACG) leads to more blindness than does primary open-angle glaucoma (POAG), particularly in Asian countries, 2 but it is potentially preventable in earlier stages by laser iridotomy.
Identifying narrow angles is then the key for prevention of PACG blindness.
The reference clinical standard for angle-closure assessment is by gonioscopy, but this is a subjective technique and is not highly reproducible. Direct non-contact imaging of the angle was possible with the development of the anterior segment devices, such as high-frequency ultrasound biomicroscopy (UBM), Scheimplug imaging (Pentacam, OCULUS Optikgeräte GmbH, Wetzlar, Germany) and anterior segment optical coherence tomography (AS-OCT). Although the AS-OCT term is often related to the Visante (Carl Zeiss Meditec, Dublin, CA, USA), it includes all OCT devices specially developed or optimized for anterior segment imaging. AS-OCT is a high-resolution optically based imaging system that uses low-coherence interferometry to provide cross-sectional images of ocular tissues and has evolved from 1310-nm infrared light source timedomain (Slit Lamp Optical Coherence Tomography (SL-OCT); Heidelberg Engineering, Heidelberg, Germany and Visante, Carl Zeiss Meditec, Dublin, CA, USA) to Fourier-domain or spectral domain systems, with enhanced signal-to-noise ratio, image acquisition speed and resolution. Fourier-domain systems yield A-scan rates from 20 kHz using 840 nm of light source to 400 kHz using 1310 nm of light source, and are capable of three-dimensional imaging of biological structures. 3, 4 Angle closure in AS-OCT is defined by any contact between the iris and the angle wall anterior to the scleral spur. 5 The identification of the scleral spur is then an important landmark to be assessed, although the Schwalbe's line has been proposed as another possible The SL-AOD was defined as the distance from the SL (termination of the Descemet's membrane) to the anterior iris surface perpendicular to the corneal endothelial surface. The SL-trabecular iris space area (SL-TISA) was defined as an area bounded anteriorly by the SL-AOD, posteriorly by a line drawn along the trabecular meshwork (TM) at 500 μm from the SL perpendicular to the plane of the inner scleral wall to the opposing iris; superiorly by the inner corneoscleral wall; and inferiorly by the iris surface. 6 Classification of gonioscopic angle closure is defined by iridotrabecular contact (ITC) of 180 or more. 8, 9 Once angle closure is detected, intervention options include laser peripheral iridotomy (LPI) and phacoemulsification (PE). 10 The objective of this study was to review the available literature systematically to assess the use of AS-OCT for the evaluation of the angle and to determine whether this technique aids in the diagnosis and management of the angle-closure disease.
SOURCES AND STUDY SELECTION
Searches of the peer-reviewed literature were conducted for last time on 15 June 2017 in PubMed database without date restrictions. The search strategy followed the PICO (Population, Intervention, Comparison and Outcome) technique 11 and the key words were the following: (i) angle* closure (OR) narrow angle (OR) anterior chamber angle*; (AND) (ii) optical coherence tomography; (AND) (iii) gonioscopy*; (AND) (iv) assessment (OR) risk (OR) diagnosis* (OR) management (Fig. 1) . A total of 104 unique citations were identified and 21 nonrelevant articles were excluded after revision of titles and abstracts as well citations in other language than English. Abstracts of meeting presentations were not included in the assessment. A total of 83 full-text citations were revised and the criteria for final inclusion was the following: (i) the objective of the study was to assess AS-OCT for the evaluation of the anterior chamber angle for the presence, risk or management of angle closure; (ii) the study constituted an original research (reviews were not included). The 71 studies that met the inclusion criteria were revised for evidence quality, using a modified rating scale from the one developed by Oxford Centre for Evidence-Based Medicine. 7, 11 A Level I rating was assigned to studies reporting an independent masked comparison of an adequately sized cohort of consecutive patients with and without glaucoma, all of whom had undergone both the diagnostic test (AS-OCT) and an appropriate reference standard (gonioscopy). A Level II rating was assigned to smaller, independent, masked or objective comparisons; studies performed in a set of nonconsecutive patients; or studies confined to a narrow spectrum of participants, all of whom had received both the diagnostic test and an appropriate reference standard. A Level III rating was applied to studies in which the reference standard was not objective, masked or independent. A total of eight studies provided Level I evidence, 63 studies provided Level II evidence and no study was rated as Level III evidence because our research strategy included the comparison with the reference standard (gonioscopy).
PUBLISHED RESULTS Diagnostic performance of AS-OCT versus gonioscopy for angle-closure detection
Nolan et al. reported that AS-OCT (an early prototype) had an excellent sensitivity (98%) in detecting angle closure, when compared with gonioscopy. In this study, AS-OCT identified almost all the gonioscopic closed-angle eyes (98% of 152/342 eyes) although many gonioscopic open-angle eyes were found by AS-OCT to have visible contact between the iris and the structures anterior to the scleral spur in low light conditions (44.6% of 228/342 eyes). This disparity resulted in low specificity for AS-OCT when using gonioscopy as a gold standard. 12, 13 Lavanya et al. reported that the area under the curve (AUC) for the AS-OCT was 0.76, with a sensitivity of 88.4% and a specificity of 62.9%, in a communitybased screening study, with angle-closure prevalence of 20.6% (422/2052 subjects aged >50 years).
14 The superior quadrant showed highest rates of closed angles on both gonioscopy and AS-OCT imaging, and in eyes with only one or two quadrants closed, the superior and inferior quadrants were the most commonly affected (Sakata et al. (Level I). 5 The same group reported in two other studies that only the inferior quadrant scanning protocol (AUC 0.76; Level I) 15 and the measure, AOD750 parameter (AUC 0.90 in nasal and 0.91 in temporal quadrants) showed the best performance for detecting angle closure (Level I). 16 Whether angle closure detected on AS-OCT in individuals with open angles on gonioscopy represented a false-positive finding, or if it was an indicator of increased likelihood of future angle closure was a hypothesis tested by Baskaran et al. 17 They found that those with more quadrants of angle closure on AS-OCT at baseline had the highest risk of demonstrating angle closure on gonioscopy in 4 years. This finding that AS-OCT imaging 'predicts' incident angle closure on gonioscopy is supported by the fact that none of the subjects with open angles on AS-OCT demonstrated gonioscopic angle closure on follow-up. In the attempt to increase the specificity for screening purposes, Chang et al.
(Level I) reported that sequential testing, particularly scanning peripheral anterior chamber depth analyser followed by AS-OCT, significantly improved the accuracy of detecting narrow angles and may be useful in screening settings. Scanning peripheral anterior chamber followed by AS-OCT achieved the highest specificity of 94.3%. 18, 19 Nongpiur et al. (Level I) developed a score based on various AS-OCT parameters with an estimated probability of detecting angle closure based on AS-OCT imaging (21.6% angle closures, 296/1368 subjects). The score was validated in a second independent sample (178 angle closure vs. 301 normals), with an AUC of 0.94. 20 Intra-observer repeatability was reported to be better for AS-OCT than for gonioscopy, despite the latter being considered the gold standard method. The repeatability of gonioscopy was fair (κ = 0.29), while that of AS-OCT (κ = 0.47) was better. 21 The identification of the scleral spur location represents an important anatomical landmark for the evaluation of angle closure. Sakata et al. observed that the scleral spur location could not be detected in approximately 30% of the anterior chamber angle images obtained with the Visante AS-OCT. The rates of detection were better in AS-OCT images obtained in the nasal quadrant. In addition, detection was worse in images obtained in quadrants with narrow angles. The presence or absence of angle closure could still be assessed qualitatively in more than 90% of eyes evaluated. 22, 23 We found only five studies evaluating the available spectral domain anterior segment OCT devices. A significant proportion of scleral spurs were not visualized with SD-OCT imaging resulting in weaker inter-reader agreements 24, 25 but demonstrated a fair to moderate agreement with gonioscopy. 26, 27 When comparing with time domain devices (Visante), the agreement in detected closed angles was moderate to good. 27 Another study with this technology found that Schwalbe's line parameters (SL-AOD and SL-TISA) had a high reproducibility and showed a good correlation with conventional scleral spur parameters (SS-AOD and SS-TISA) and standard gonioscopic grading. 6 When comparing with UBM, OCT performed similarly with quantitative angle measurements in the detection of angle closure. UBM images had better visualization of the ciliary body than with AS-OCT (where there was shadowing of structures behind the iris) but sharper definition of the scleral spur. 28 Low-resolution OCT is similar to UBM and high-resolution OCT tends to give larger measurements than both, low-resolution OCT and UBM. AS-OCT measurements were more reproducible than those from UBM. 29 Mansouri et al. further confirmed that parameters measured by UBM tended to be smaller than those measured by OCT, perhaps related to the position necessary for UBM imaging. 30 AS-OCT was also tested against EyeCam (Clarity Medical Systems, Pleasanton, CA, USA) when using gonioscopic grading as reference standard, resulting in a higher AUC when using EyeCam and a better rate of gradable images compared with AS-OCT. The agreement between both imaging modalities was moderate. 31 With the development of swept source OCT (SS-OCT), ITC index could document the extent of angle closure over the entire 360
and had moderate to good agreement with gonioscopic angleclosure findings and good overall diagnostic performance for detecting angle closure (Fig. 2) . 32 Mechanistic insights of the pathophysiology of angle closure assessed by AS-OCT Several studies have tried to identify the dynamic factors associated with angle narrowing under physiological (light and dark) or pharmacological conditions by considering the changes produced in anterior chamber parameters. Most of them defined angle narrowing as the relative change in AOD500. It has been shown that angle parameters inversely correlated with pupillary diameter in different lighting conditions. 33, 34 Some authors have found that iris volume (IV) increase per millimetre of pupil dilation in darkness, is an independent predictor of angle narrowing. 35 Furthermore, IV increased significantly in fellow eyes of acute primary angle closure (APAC), even with a patent iridotomy, while decreased in normal ones after pharmacological dilation. 36 Another hypothesis reported was that there is not an increase in IV but a lesser decrease or no change after mydriasis is what predisposes these eyes to angle closure. [37] [38] [39] Zhang et al. compared the change in iris cross-sectional area (IA) after physiological and pharmacological mydriasis among subjects diagnosed as primary angle-closure suspects (PACS), primary angle closure (PAC) and PACG. These patients were categorized into three subgroups according to the dominant angle-closure mechanisms: pupillary block, plateau iris and thick peripheral iris roll. The study observed that the change in IA was significantly different among groups and the smallest decrease in IA occurred in the pupillary block group, concluding that dynamic iris changes may have a more important role in angle closure where pupillary block is the dominant mechanism. 40 The same authors later on compared the change in IA and IV under both lighting conditions among PACS and normal patients. The mean IA and IV decreased in both groups of patients in dark and after pharmacological dilation. A greater change in pupil diameter was associated with larger decrease of IA in dark in both groups. 41 On the other hand, in PACG patients, the reduction in IA with increasing pupil size was less pronounced compared with POAG patients. 42 It has been proposed that differences in iris connective tissue and permeability of the iris stroma to aqueous may account for the differences in volume change in eyes with closed angles and open angles.
Some studies suggest that non-pupillary block mechanisms, such as angle crowding secondary to a thick iris, an anteriorly directed iris or higher LV, may play an important role in chronic PACG disease, while pupillary block may be a major component in acute angle closure. 43 Atalay et al. reported that in APAC and fellow eyes, iris thickness was the strongest predictor of angle width (explains approximately one third of the variability in AOD750). 44 In the same direction, another study showed that only 37.5% of APAC eyes had dominant pupil block mechanism. 45 Zhang et al. findings agree with the previous studies and found that the average number of quadrants with a closed angle was three in eyes with an APAC, and it was two in the fellow unaffected eyes, the nasal quadrant being the most frequently closed, while the temporal quadrant was the region least often affected. 46 The above variable findings may suggest the gaps in assessing all the mechanisms involved in angle closure using AS-OCT, especially mechanisms which involve imaging structures behind the iris such as plateau iris and choroidal effusion.
Quantitative anterior segment parameters assessed by AS-OCT in association with angle closure
Wang et al. (Level I) studied the association between quantitative iris parameters and the presence of narrow angles in a large community-based study in Singapore. I-curve, I-area (equivalent for IV), IT750 and IT2000 were independently associated with narrow angles, particularly in women and older subjects. This may in part explain the much higher risk for narrow angles and PACG seen in women in different studies. 47 In a SS-OCT study, IV in the nasal quadrant was the smallest compared with the other quadrants (Fig. 3) . 48 The lens vault (LV) is a single measured value that better represents the role of the lens in angle closure. The LV represent increased thickness and bulk of the lens anterior to the plane of the scleral spur, which pushes the peripheral iris against the TM, worsening angle crowding in an already predisposed eye. Nongpiur et al. were the first group describing LV as a novel parameter, independently associated with angle closure (OR 48.1). They reported that eyes with angle closure (PAC, PACG and APAC) have thicker lenses and higher LV when comparing with normal eyes, but there was no difference in lens position. In terms of the ability to differentiate angle-closure eyes for the purpose of screening, LV had the highest AUC (0.94). 49 Tan et al. continued on this work with a larger population (N = 1465) and demonstrated that greater LV was significantly associated with shorter axial length, shallower ACD, higher IOP and more hyperopic spherical equivalent. They also reported that subjects with LV >667.6 um were more likely to have narrow angles (OR 2.201) compared with LV ≤462.7 um. However, the AUC for LV and ACD for detecting narrow angles were similar, with ACD easier to estimate clinically. They also found that LV increased with age and it was higher in female subjects. Although it has been reported that Chinese ethnicity is a major risk factor for angle closure, they did not find any association between LV and race. 50 Further studies reported that LV is highly significant in fellow eyes of APAC when comparing with PACG and PACS eyes 51 and it is also a powerful parameter to differentiate phacomorphic angle closure from eyes with mature cataract 52 from APAC eyes. 53 Anterior chamber width (ACW), a measurement of the scleral spur to scleral spur distance, was associated with narrow angles in two different study populations and it was smaller in woman, Chinese and older persons. Subjects diagnosed with PAC or PACG had even smaller mean ACW than those classified as PACS. This study suggested that smaller ACW may represent a novel risk indicator for angle closure. 54 No differences between Chinese and white subjects in mean age, axial length, angle measurements, pupil diameter or iris convexity was Figure 3 . Anterior segment optical coherence tomography image showing the measurements of anterior chamber depth (ACD), lens vault (LV), anterior chamber width (ACW), pupillary distance (PD), angle opening distance at 500 μm from scleral spur (AOD500), trabecular iris space area at 500 μm from scleral spur (TISA500), iris thickness at 750 μm from scleral spur (IT750), iris thickness at the sphincter muscle region (ITSMR) and iris thickness at dilator muscle region (ITDMR). SS, scleral spur; IB, iris bowing.
shown. However, in both open-angle and narrowangle subjects, ACD and ACW were smaller in Chinese eyes. 55 Tun et al. reported that the TM width was measurable and reproducible in high-definition SS-OCT angle images, varying from 710 to 890 um in the different quadrants. The inferior quadrant was the widest and there was also a difference in average TM width between open and closed angle eyes. Their results suggest that the previously used cut-off point of 500 μm from the scleral spur may need to be reconsidered. 3 Older eyes have shown to differ not only in the dynamic responses but also in the anterior segment structures when compared with younger eyes. In one study, all angle parameters showed significant negative slopes with increasing age and AOD had the steepest slope at both temporal and nasal sectors. 56 We found two studies that subclassified subjects with angle closure based on AS-OCT parameters into different subgroups. The first one described two clusters essentially different in terms of LV and anterior chamber area (ACA), arguing that plateau iris configuration or thick peripheral iris may be contributing factors for angle closure in the first cluster (significantly higher IT750 than the second cluster) and lens or crowding of intraocular structures in eyes with smaller dimensions, in the second cluster (higher LV and lower ACA). 57 Nongpiur et al. identified three distinct subgroups, characterized by larger iris area (subgroup 1), larger LV (subgroup 2) and elements of both subgroups (subgroup 3). Subgroup 1 was characterized by a relatively greater iris area and it may result in angle crowding and subsequent angle closure in some persons. The predominant mechanism for subgroup 2 was a large LV even though iris area was smaller than seen in subgroup 1, suggesting more of a pushing mechanism. Subgroup 3 likely had contributions from all four components to develop phenotypic angle closure. 58 Evaluation of peripheral anterior synechiae with AS-OCT It is not known if the development of peripheral anterior synechiae (PAS) leads to angle closure or if eyes with narrow angles are more prone to the development of PAS. 59 The development of the SS-OCT (Casia, Tomey, Japan) allowed the circumferential assessment of the angle and so, the extent of PAS involvement. Lai et al. quantified the area and the degree of PAS involvement for 360 with SS-OCT in patients with chronic angle-closure glaucoma. They showed that it was feasible to discriminate synechial angle closure from appositional angle closure by varying the lighting condition during the OCT imaging and that the measurements of the area and the degree of PAS involvement were reproducible. Synechial angle closure often exhibits an obtuse configuration, whereas appositional closure almost always assumes an acute configuration. 60 When detected by gonioscopy, AS-OCT identified more PAS than UBM. 61 A study in Chinese subjects in Singapore showed that AOD, ARA and TISA measured by AS-OCT were all smaller in eyes with PAS when compared with those without PAS (Fig. 4) . In addition, nasal quadrants with PAS were narrower than nasal quadrants without PAS. The AOD, TISA and ARA were also significantly lower in the nasal and temporal quadrants of eyes with PAS in any quadrant compared with the nasal and temporal quadrants of eyes without PAS. They found a weak but statistically significant correlation between the number of clock hours of PAS with AOD, ARA and TISA: eyes with less than four clock hours of PAS had significantly wider angles than eyes with four-eight clock hours of PAS. 59 It has been hypothesized that greater diurnal IOP fluctuation is related to smaller ASOCT angle parameters in eyes with PAS. The findings were that eyes with PAS (gonioscopically detected), had higher IOPs than eyes without PAS, but diurnal IOP fluctuation was unrelated to PAS presence. 62 The association of IOP and angle configuration was assessed by Chong et al. (Level I). They found that IOP increased with the number of quadrants with gonioscopic and AS-OCT angle closure and also increased in association with the decrease of most of the anterior segment quantitative parameters, except for iris thickness and LV, independently from the presence of PAS. 63 Effects of LPI and PE assessed with AS-OCT AS-OCT has also shown to be more appropriate than gonioscopy in quantifying structural changes after LPI (Fig. 5) . It has been shown that LPI resulted in significant angle widening and iris profile flattening in PACS [64] [65] [66] [67] and APAC. 68 Some narrow-angle eyes did not experience any anterior chamber angle change despite a patent LPI. 69 In APAC eyes, the extent of angle deepening after LPI was inversely related to baseline angle width and the lens shifted posteriorly after resolution of attack, especially in those with greater LV. 68 However, the changes in the angle do not seem to be permanent. Lee et al. reported that angle parameters tended to be narrowed at 18 months post-LPI despite resolution of pupillary block. 70 In The Zhongshan AngleClosure Prevention Trial (Level I), Jiang et al. also reported that the angle width of treated eyes trended to narrow over time. The follow-up findings showed a marked increase after LPI (2 weeks), a phase of stabilization for 6 months, and then a significantly decrease by 18 months after LPI. On the other hand, untreated eyes experienced a more consistent and rapid decrease in angle width over the same time period, despite any significant difference in baseline measurements between treated and untreated eyes. From 6 months post-LPI, the convexity of the iris stabilized; no further significant change in iris curvature was found up to 18 months post-LPI. These findings add evidence to the theory that non-pupillary block mechanisms also play a considerable role in causing this angle closure, like an increase in LV over time due to aging and/or additional effect from LPI on the bulk of the crystalline lens, especially in the anterior surface. 71 Ang et al. demonstrated that in Japanese eyes, with angle closure there was an increase in anterior chamber dimensions, angle widening, decrease in iris curvature and a constant LV, iris thickness and iris area after LPI. The findings are consistent with the described mechanism of LPI in relieving pupillary block. 72 An unsuccessful LPI outcome (two or more quadrants closed after LPI) or less AOD750 change was associated with pre-laser greater angle closure 64, 65, 67 , less anterior iris bowing in light conditions 64, 65 and thick peripheral iris at baseline. 73 For those eyes that remain gonioscopically closed after LPI, argon laser peripheral iridoplasty (ALPI) increased all angle parameters measured by SS-OCT and maintained a non-occludable gonioscopic configuration for 6 weeks following treatment. 74 Furthermore, ALPI seemed to increase all angle parameters by AS-OCT in APAC eyes when compared with medical treatment. Larger baseline ICurv was the most significant predictor of angle widening after therapeutic interventions (especially ALPI), explaining about half of the variability in AOD750 change. 75 Several studies have demonstrated with AS-OCT that angle-closure eyes after PE alone, 76, 77 combined with viscogonioplasty 78, 79 or with goniosynechialysis (GSL) 80 resulted in widening of the drainage angle, deepening of the anterior chamber and reduction of IOP and PAS extent. [76] [77] [78] [79] [80] Tun et al. studied the use of SS-OCT to assess the circumferential reduction of ITC area after PE alone compared with PE and GSL (PE + GSL) in eyes with synechial PACG (Fig. 6) . They found that PE + GSL surgery There is an increase in angle opening distance 500 and a decrease in iris bowing after laser peripheral iridotomy treatment. resulted in a greater reduction of ITC (and the extent of PAS) than PE alone after adjusting for age, gender and baseline IOP, baseline PAS and preoperative pupil diameter. 81 
CONCLUSIONS AND FUTURE DIRECTIONS
AS-OCT provides a quick, user-friendly and objective non-contact method of assessing the anterior segment and angle that is well tolerated by the patient and correlates well with the information provided by gonioscopy. We found good evidence regarding the diagnostic accuracy of the AS-OCT in detecting angle closure. It is highly sensitive to detect angle closure, probably due to the dark ambient condition and its non-contact nature. However, its low specificity may have the disadvantage that many subjects without angle closure on gonioscopy will screen positive, and potentially receive unnecessary follow-up or therapeutic procedures. Although the scleral spur cannot be identified in one third of the images, the angle can still be graded qualitatively if the iris-trabecular contact is clear enough. With the 360 analysis, we can now evaluate regional differences or quadrants that can be partially closed or open. Considering angle closure in terms of percentage or degrees could be more accurate than more limited cross-sectional assessment.
AS-OCT can provide mechanistic insights into the pathophysiology of angle closure. There has been substantial work done on the quantitative parameters that relate to the angle structures, with special focus on the iris and the lens. Some disadvantages of this technology include the fact that is not possible to evaluate the structures behind the iris and it cannot identify neovascularization or pigmentation of the angle. There has been relatively fewer studies on the treatment results of angle closure assessed with AS-OCT. Further research towards the identification of individuals that may benefit more from either LPI or PE should be addressed. The angle-closure subgroups described in the reported literature and their follow-up after treatment should be a good approach for future research.
